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139 La nuclear magnetic resonance studies reveal markedly different magnetic properties of the two 
sites created by the charged domain wall formation in La 5 / 3 Sr 1/ '3Ni04. NMR is slow compared 
to neutron scattering; we observe a 30 K suppression in magnetic ordering temperature indicating 
glassy behavior. Applied magnetic field reorients the in-plane ordered moments with respect to the 
lattice, but the relative orientation of the spins amongst themselves is stiff and broadly distributed. 
PACS Numbers: 76.60.-k, 74.72.Bk, 75.30. Ds, 75.40. Gb 
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Since the discovery of high temperature superconduc- 
tivity in the cuprates, the behavior of holes added to a 
strongly correlated two dimensional (2D) antiferromag- 
net has been a subject of intense interest. One impor- 
tant aspect of this system is its tendency toward inho- 
mogeneous charge distribution [El. In particular, seg- 
regation of doped holes into periodic arrays of charged 
stripes separating hole-free domains has been predicted 
[2|. Stripe ordering has been observed in doped La2NiC>4 
[3-^| which remains semiconducting up to very high Sr 
content R| . The recent observation of similar elastic su- 
perlattice peaks in the isostructural high-T c super- 
conductor Lai.4gNdo.4Sro.i2Gu04 Jlffl indicates the exis- 
tence of similar charge ordered structures, and suggests 
these structures may be relevant to cuprate supercon- 
ductivity [|lT|— |l4[| . Similarities between these elastic su- 
perlattice peaks and the incommensurate peaks observed 
in inelastic neutron studies of La2- x Sr x Cu04 |fl5| have 
been noted jnj. Hence, these incommensurate peaks are 
being reconsidered as possible evidence for the presence 
of dynamic charged stripes in the cuprate p6| . 

There is clear evidence for stripe formation in doped 
2D AF systems [|-|], but detailed microscopic studies 
of their low energy dynamic and static magnetic prop- 
erties are lacking. A detailed elastic neutron diffraction 
study of the title compound Jbl has demonstrated charge 
ordering at T co — 240 K |||l7j|ll| into domain walls or 
"stripes." The stripes run along two equivalent diagonal 
directions e = (1,1) or (1,1) in the tetragonal unit cell 
with dimensions at x at in the basal plane where at is 
the is the lattice parameter corresponding to the Ni-Ni 
spacing. The stripe period perpendicular to the stripes 
is 3at/-\/2- At T^ s — 190 K, spin superlattice peaks ap- 
pear indicating ordering of the spins between the stripes. 
Three temperature regions were evident, the highest be- 
tween T S q and T co exhibited elastic charge order peaks 
with weaker intensity and significantly reduced correla- 
tion lengths compared to lower temperatures. The au- 
thors proposed the existence of a "stripe glass" in this 
temperature regime, but were unable to study the very 
important issue of orientational order due to the domi- 
nant affect of short stripes. Below T s ^ s the charge stripe 



order was found to improve. 

In this Letter we report a single crystal 139 La NMR 
study of the two magnetically distinct sites observed be- 
low T co , the first located in the domain walls, and the 
second in the hole-free domains. Although the two re- 
gions are spatially proximate and strongly interacting, 
their static and dynamic magnetic properties are quite 
different. The NMR provides specific evidence in support 
of the stripe-glass hypothesis and reveals pronounced and 
unusual spin disorder arising from stripe defects. A hall- 
mark of glassy systems is sensitivity of the transition 
temperature to measurement time scale; we find the on- 
set of spin ordering at T ! NMR - 160 K in the NMR mea- 
surement is 30 K lower than T s ^ s as a consequence of 
its slower characteristic time scale (fj,sec compared to 
psec for the neutron measurement). At low tempera- 
ture where charge order becomes very good, the static 
spin order exhibits a continuous distribution of moment 
magnitudes and in-plane orientations. The HqJ-c line- 
shape demonstrates that the ordered moments rotate in 
response to the applied field such that the most proba- 
ble spin orientation is perpendicular to the applied field. 
However the broad continuous distribution reveals "stiff- 
ness" of the spin texture: defects in the charge order 
(stripe ends or bifurcations) frustrate the spin order caus- 
ing the orientation of the in-plane ordered moments to 
rotate relative to each other. Finally, the NMR measure- 
ments rule out motion of domain walls below T co . 

A local probe of electronic properties, nuclear mag- 
netic resonance (NMR) is well suited to determining 
the microscopic properties of inhomogeneous structures. 
139 La NMR is employed because 61 Ni NMR is not read- 
ily performed. In La2- x Sr x NiC>4 a given 139 La nucleus 
(I = 7/2, gyromagnetic ratio 7 = 601.44 Hz/Oe) directly 
probes the magnetic properties of only one Ni electronic 
spin moment. This is because the transferred hyperfine 
coupling of the 139 La nuclear spin to the single Ni site 
that shares the La-apical O-Ni bond is an order of mag- 
nitude larger than its coupling to any of its four other Ni 
neighbors. In the Ni 2+ (3d 8 ) ionic state, the two unpaired 
spins occupy the in-plane 2>d x 2_ y 2 and the out-of-plane 
3d 3z 2_ r 2 atomic orbitals. The latter spin is particularly 
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FIG. 2. (a) The T-dependence of Ib, the B-peak frac- 
tion of the total intensity with Ho\\c (•), and of the broad 
peak fraction for Ho _L c (a), (b) The T-dependencies of 
the total 139 La shift below T S ^ MR for the B-peak (o) and the 
Knight shifts K for ffo||c (plotted against the right-hand axis): 
A-peak (□) and B-peak (•). The open circles indicate the to- 
tal shift below T* Ma . #int is plotted against the left-hand 
axis. The solid line is a guide to the eye. (c) T-dependencies 
of the 139 La T 1 " 1 for H \\c: A- (□) and B-peak (•); and for 
H -Lc (a); all measured at 48.5 MHz. T-f 1 for the A-peak 
with -ffo||c at 27 MHz (x) is also shown. 
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FIG. 3. The vo dependence of the B-peak shift is shown 
for .Ho||c for various T. The lines show fits to a model incor- 
porating quadrupole interactions and an internal field lying 
in the planes (_L c); see Eq. [i]and following text. 



moments lie in the MO2 planes their inter- 

nal field adds to the applied field in quadrature 
(i?eff = + H?nt) ■ Thus, they do not produce the large 
shift one would expect based on the value of A a t — 
20kOe//is. The vq{= jHo) dependence of the shift is 
shown at several temperatures for Ho||c in Fig. ||. Under- 
standing the field dependence requires taking account of 
the quadrupole interaction which produces a large nega- 
tive shift at low applied fields (oc —v^/vq)- Exact diag- 
onalization of the Hamiltonian 



1(1+1) 



J x (1) 



(with z || c, and assuming that the moment lies in the 
plane) provides excellent fits (solid lines) to the measured 
field-dependent shifts. The quadrupole frequency v Q was 
monitored and varies by less than 10%; this has negligible 
affect on the determination of v m t. The T-dependcncc 
of the internal magnetic field (H m t — i^nt/7) deduced 
from these fits is shown in Fig. |](b). We observe no in- 
ternal field in the 30 K region between T s ^ s where super- 
lattice peaks are first observed and T^ MK below which 
an internal field is observed. At 20 K _ff; nt ~ 14kOe at 
the La site, implying a Ni spin polarization (S) hb = 
H int /A ab » 0.7^ B . The growth of H int below T^ MR is 
unusually slow; this indicates suppression of the ordered 
moment by strong magnetic fluctuations. 

At higher temperatures, in the absence of an internal 
field, the Knight shift K is given by Eq. |l| with v lnt = 0. 
Above T S ^ MR the H \\c shifts for the A- and B-sites are es- 
sentially independent of vq, demonstrating that they are 
both exclusively magnetic in origin. The T-dependence 
of K is shown in Fig. ||(b). K A for the A-sites decreases 
below T co , while K B for the B-sites increases strongly 
reaching ~ 0.8% at T* MR . This large increase in K B 
cannot be attributed to a variation in the hyperfine cou- 
pling since a shift in A would have a much more dramatic 
effect on T-f" 1 (oc A 2 ) which is not observed; furthermore, 
the variation of the lattice parameter is smooth across T co 
and elsewhere f27J. Therefore, the large magnetic shift 



of the B-sites indicates an anomalously large suscepti- 
bility in the magnetic domains between stripes. When 
the contribution of the static field to the shift is taken 
into account we find that K B decreases significantly be- 
low T S ^ MR , indicating a hardening of the ordered spins 
to a field applied perpendicular to the orientation of the 
ordered moments. 

Substantial disordering of the in-plane orientation of 
the static moments is evident from the broad Hq _L c 
line [Fig. 0(b)] . The internal field due to the antifer- 
romagnetically ordered moment can vary from parallel 
to anti-parallel orientation relative to the field applied 
in the plane, causing shifts comparable to the internal 
field. The half-width of the -ffo-Lc line is consistent with 
the ~ I2kOe ordered moment detected in Ho || c mea- 
surements. An orientationally ordered moment would 
produce discrete lines with shifts determined by the ori- 
entation of the ordered moment relative to the applied 
field; on the other hand, a completely random distri- 
bution of in-plane orientations would generate a two- 
dimensional powder pattern spectrum with singularities 
at its extrema [distribution P(Av) of frequency shifts 
~ 1/V(7#mt) 2 - (Az/) 2 ]. Neither is seen; instead, the 
broad spectrum peaked at very small shift indicates that 
the most probable in-plane spin orientation is perpendic- 
ular to the applied field. This is the usual response of an 
ordered antiferromagnet since this allows a slight canting 
of the moments in response to the field. However, the 
broad width demonstrates a broad distribution of ori- 
entations around the perpendicular orientation. Thus, 
an applied field easily rotates the moments in the plane 
with respect to the lattice (and, hence, the ordered stripe 
structure), but the broad distribution of orientations of 
the moments relative to one another is unchanged by ap- 
plied field. This is not due to a fortuitous choice of field 
orientation: the twinning of the stripe orientation would 
produce two populations of ordered moments rotated 90° 
with respect to each other, but the spectrum shows no 
evidence of a second, rotated spin population. This in- 
plane "twisting" of the spin texture by stripe defects pre- 
sumably occurs over length scales comparable to the spin 
coherence length observed with neutrons (~ 100 A j(|). 

The temperature dependencies of T^ 1 for the two en- 
vironments [shown in Fig. 0(c)] are very different; two 
transitions occur in the hole-free domains (B-line) with 
little effect on spin dynamics in the domain walls (A- line) . 
At all temperatures signal recoveries demonstrate a sin- 
gle T\ and no signal intensity is lost. Below T co , T^ 1 at 
the A-sites is monotonic in temperature down to 100 K. 
In contrast, Tj -1 at the B-sites shows a distinct and un- 
usual negative-going cusp at T^ s that clearly signals the 
transition at which spin-superlattice peaks appear in the 
neutron measurements ||. This demonstrates the sup- 
pression of spin ordering in NMR is not a consequence of 
sample variability since the transition at T^ s is clearly 
observed in our NMR measurements. A typical magnetic 
ordering transition would generate a positive cusp or di- 
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vergence in T± at the ordering temperature (see e.g., 
Ref. ^8|). The increase of T^ 1 toward a strong peak at 
lower temperature ~ 160 K indicates a rapid slowing of 
collective spin fluctuations indicative of long-range, 3D 
magnetic order at this temperature. The appearance of 
the internal field at the same temperature would natu- 
rally be interpreted as a magnetic transition, were it not 
that the spin-superlattice peak in neutron scattering oc- 
curs at the higher temperature. 

This contrast in apparent ordering temperatures sug- 
gests sensitivity to measurement time scale. Rotation 
of the ordered moment (which is slow compared to the 
inverse of the energy resolution of the neutron measure- 
ment) could motionally average, and thus, reduce the 
measured H ul t . T^ MR would then correspond to the tem- 
perature at which this motion becomes slow on the NMR 
time scale (~ microseconds corresponding to < 0.1/xeV). 
Our results rule out motion of domain walls below T co 
even on the NMR time scale, as we observe distinct re- 
laxation rates for the two sites immediately below T co 
p5|p9| . A second possibility is that the magnetic order 
is sufficiently sensitive to the applied magnetic field that 
it is suppressed between 160 and 195K. 

In summary, the onset of magnetic order in charge- 
stripe ordered La 5 / 3 Sr 1 / 3 Ni04 is suppressed by 30 K 
when detected on the /xsec time scale of NMR compared 
to psec for neutron diffraction; this provides strong and 
specific evidence in support of the glassy character of 
the stripe order. The interplay between spin and charge 
order is evident in the very broad NMR line found at 
low temperature where the stripes are relatively well or- 
dered. This probably arises from the strong spin disor- 
dering affects of defects (stripe ends and bifurcations) in 
the charge stripe pattern. These defects induce a distri- 
bution of relative spin orientations. However, the collec- 
tion of spins as a whole is easily reoriented with respect 
to the lattice by an applied magnetic field. Finally, be- 
low the charge ordering temperature, the ordered charge 
stripes themselves are static on the NMR time scale. 
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